ABSTRACT West Nile virus (WNV) has remained epidemic in Kern County, CA, since its introduction in 2004 through 2007 when the human case annual incidence increased from 6 Ð 8 to 17 per 100,000, respectively. The 2007 increase in human infection was associated with contradicting surveillance indicators, including severe drought, warm spring but cool summer temperature anomalies, decreased rural and urban mosquito abundance but increased early season infection in urban Culex quinquefasciatus Say, moderate avian "herd immunity," and declines in the catch of competent (western scrub-jay and house Þnch) and noncompetent (California quail and mourning dove) avian species. The decline in these noncompetent avian hosts may have increased contact with competent avian hosts and perhaps humans. The marked increase in home foreclosures and associated neglected swimming pools increased urban mosquito production sites, most likely contributing to the urban mosquito population and the WNV outbreak within BakersÞeld. Coalescing Þve surveillance indicators into a risk assessment score measured each half month provided 2-to 6-wk early warning for emergency planning and was followed consistently by the onset of human cases after reaching epidemic conditions. St. Louis encephalitis virus (SLEV) antibody was detected rarely in wild birds but not mosquitoes or sentinel chickens, indicating that previously infected birds were detected in Kern County, but SLEV reintroduction was not successful. In contrast, western equine encephalitis virus (WEEV) was detected during 3 of 5 yr in Culex tarsalis Coquillett, sentinel chickens, and wild birds, but failed to amplify to levels where tangential transmission was detected in Aedes mosquitoes or humans. A comparison of transmission patterns in Kern County to Coachella Valley in the southeastern desert of California showed the importance of mosquito phenology and spatial distribution, corvids, or other avian "super spreaders" and anthropogenic factors in WNV epidemiology.
West Nile virus (Flaviviridae, Flavivirus, WNV) invaded southern California during the summer of 2003 (Reisen et al. 2004b ) but initially was conÞned to areas south of the Tehachapi Mountains . WNV overwintered successfully in this area during 2003Ð2004 (Reisen et al. 2006b ), ampliÞed rapidly to epidemic levels in Los Angeles (Wilson et al. 2005) , and invaded the Central Valley and the remainder of California during 2004 (Hom et al. 2005) . Unlike the 3-yr pattern of silent introduction, epidemic ampliÞ-cation, and subsidence repeated throughout much of North America (NA) (Hayes et al. 2005) , epidemic transmission occurred in the vicinity of BakersÞeld in Kern County when introduced during the summer of 2004 and annually during the subsequent 3 yr, culminating in 2007 in the largest mosquito-borne encephalitis outbreak since the 1952 epidemic of western equine encephalomyelitis virus (Togaviridae, Alphavirus, WEEV) . Historically, both WEEV and St. Louis encephalitis virus (Flaviviridae, Flavivirus, SLEV) were endemic in Kern County and the southern Central Valley (Reeves 1990 ) but have declined as public and veterinary health problems during the last 25 yr, with the last recorded outbreak of 34 SLEV human cases occurring in 1989 (Reisen et al. 1992a ). This paper explores factors that may have enabled the continued epidemic transmission of WNV while limiting WEEV and SLEV ampliÞcation.
WNV persists within both rural and urban transmission cycles involving different vector mosquitoes in different parts of the United States. Kern County provides the opportunity to compare the importance of rural transmission by Culex tarsalis Coquillett to urban transmission by Culex quinquefasciatus Say. Cx. tarsalis tends to be a more competent vector of WNV in the laboratory (Reisen et al. 2005a (Reisen et al. , 2008a , but Cx. quinquefasciatus exploits peridomestic environments and therefore may feed more frequently on humans in urban habitats (Reisen et al. 1992b ). Historically, climate variation has altered the relative abundance of these two species in Kern County, with Cx. tarsalis dominating during cool wet years and Cx. quinquefasciatus dominating during hot dry years (Smith et al. 1995) . Our research explores the notion that hot dry weather enables Cx. quinquefasciatus population increases and WNV ampliÞcation in urban environments while concurrently decreasing Cx. tarsalis abundance and WNV transmission in rural environments. The California Mosquito-Borne Virus Surveillance and Response Plan recently has been modiÞed to segregate rural and urban transmission risk to humans based on abundance and infection rates in Cx. tarsalis and Cx. quinquefasciatus, respectively (Kramer 2008) . Our current data provided the opportunity to evaluate the plan and to determine whether separating these species was an effective method of separating urban and rural risk.
The BakersÞeld Metropolitan Statistical Area has a population Ͼ800,000, making it the third largest inland city of California after Fresno and Sacramento. The economy relies on agriculture, petroleum extraction and reÞning, and limited manufacturing. BakersÞeld is the fastest growing city in the United States, with a population of Ͼ250,000 and provides an interesting ecological contrast to Palm Springs and the Coachella Valley, also one of the fastest-growing areas in the United States. The Coachella Valley contains nine incorporated cities with a combined population of Ͼ611,000 and an economy based mainly on agriculture in the southeast part of the Valley, but transitioning to retirement housing and tourism in the northwest near Palm Springs. In marked contrast to Kern County, there have been relatively few human cases of WNV reported from the Coachella Valley during 2004 Ð2007, despite our documentation of continued enzootic transmission (Reisen et al. 2008c ). Our current research used similar methods to compare the epidemiology of WNV in these two areas of California with similar human population size, economies with a strong agricultural base, and well-coordinated vector control programs, but with different avifauna and climate.
Materials and Methods
Description of Study Area. Kern is a large county (area ϭ 21,138 km 2 or about the size of the State of Connecticut) at the southern end of the Central Valley, extending from the Temblor Mountains of the Coastal Range east across the San Joaquin Valley ßoor and into the Sierra Nevadas and the Mojave Desert. The southern boundary is formed by the Tehachapi Mountains that separate the Central Valley from the Los Angeles basin. The county has a large agricultural economic base dominated by almonds, grapes, milk products, carrots, and citrus, and is a signiÞcant producer of oil, natural gas, hydro-electric power, windturbine power, and geothermal power. Kern remains CaliforniaÕs top oil-producing county, with Ͼ85% of the stateÕs 43,000 active wells, and accounts for 1/10th of U.S. domestic oil production.
Our study area was delimited by the boundary of the Kern Mosquito and Vector Control District that covers 4,275 km 2 on the ßoor of the San Joaquin Valley (Fig. 1) . Mosquito control efforts focus on the detection and treatment of larval sources, with adulticides applied infrequently and only after larval control fails to prevent virus transmission. Based on landscape (rural versus urban) and mosquito and virus activity, sampling was stratiÞed geographically into three zones: (A) northwest encompassing wetlands managed for migratory waterfowl at the Kern National Wildlife Refuge, extensive rural farmland, and the towns of Lost Hills, Buttonwillow, Wasco, and Shafter; (B) greater BakersÞeld area including the adjacent cities of Oildale and Rosedale, wetlands immediately to the southwest for aquifer recharge, and riparian habitats along the Kern River that transect the city of BakersÞeld; and (C) southeast encompassing extensive agricultural areas and the towns of Arvin and Lamont.
Sampling. Methods were identical to those used during our concurrent study in Coachella Valley (Reisen et al. 2008c ). The locations of Þxed mosquito sampling sites during 2007 are shown in Fig. 1 . During the 5-yr period, mosquitoes were collected using dry ice-baited CDC-style traps (CO 2 traps) (Newhouse et al. 1966 ) that were operated for one night biweekly without lights at 50 Ð70 sites. In residential settings, especially within the greater BakersÞeld area, gravid Cx. quinquefasciatus females were collected using hay infusion-baited up-draft gravid female traps (Cummings 1992) operated at 20 Ð30 sites. Collections were returned alive to the laboratory where mosquitoes were anesthetized with triethylamine, identiÞed to species, sex and reproductive condition, enumerated into pools of Յ50 females each, frozen at Ϫ80ЊC, and shipped on dry ice to the Center for Vectorborne Diseases BSL3 Arbovirus Laboratory at University of California, Davis (CVEC) for testing. Viral culture and testing was approved under Biological Use Authorization 0554 issued by the University of California Davis Environmental Health and Saftety committee.
Ten white Leghorn laying hens, 16 Ð18 wk old, were prebled, banded, and deployed as sentinels each April at nine sites within the Kern MVCD (Fig. 1 ). Hens were bled biweekly by lancet prick of the comb, with the blood collected on Þlter paper strips (Reisen et al. 1993) , dried at air temperature, and shipped to the Viral and Rickettsial Diseases Laboratory of the California Department of Public Health (VRDL) for testing. Hens seroconverting or dying were replaced until replacements were no longer available. Care and bleeding of sentinel chickens was carried out under University of California Davis Institutional Animal Care and Use Committee (IACUC) protocol 12878.
Dead birds reported by the public to the Dead Bird Program hot line were identiÞed to species, geocoded, and mapped. Birds collected within 24 h of death were shipped to the California Animal Health and Food Safety laboratory at University of California, Davis, for necropsy, and kidney or other tissue samples were forwarded to CVEC for testing for WNV RNA by singleplex RT-polymerase chain reaction (PCR).
From January 2003 through November 2007, wild birds were collected weekly or biweekly at Þxed mist netting sites (8 Ð10 2.6 by 12-m nets with size 36 Ð38 mm mesh operated for 3Ð 4 h starting at dawn) and at grain-baited traps. Initially, birds were netted and trapped biweekly in rural habitats at two sites along the Kern River SW of BakersÞeld, Jerry Slough at the Tracy Ranch, and at the Kern NWR. However, drought conditions left the Kern River dry, and extensive vegetative clearing at our study area along Jerry Slough caused us to abandon these netting sites during 2006 and 2007. ModiÞed Australian crow traps and walk-in traps on the ground or on pedestals at 1 m height were baited continuously with mixed wild bird seed and a watering device and closed biweekly. Bird collection sites were situated within 0.5 km of the chicken ßocks shown in Fig. 1 . Birds were identiÞed to species, sex, and age, banded using USGS bands, bled (0.1 ml blood into 0.9 ml saline), and immediately released near the point of capture. Blood samples were held at ambient conditions until transported to the laboratory where they were clariÞed by centrifugation and frozen at Ϫ80ЊC until shipped to CVEC for testing. Human and equine cases were diagnosed by local health care providers and reported to county and state health departments. Data were made available by the Kern County Health Department and were summarized by date of reporting.
Diagnostics. Mosquito pools were triturated in a Spex Mixer Mill (Spex CertiPrep, Metuchen, NJ) in diluent (phosphate-buffered saline [PBS] , 15% fetal bovine serum, antibiotics), and the RNA was extracted using either an robotic ABI 6700 or an ABI 6100 workstation (Applied Biosystems, Foster City, CA). Samples were screened for WNV, SLEV, and WEEV RNA using real-time multiplex RT-PCR with an ABI Prism 7900 TaqMan, using published (Lanciotti and Kerst 2001) and unpublished primers from the envelope gene. All multiplex RT-PCR positives were conÞrmed by virus isolation on Vero cell culture, in situ enzyme immunoassay (EIA) (Graham et al. 1986) , and/or a second singleplex RT-PCR using primer sets from the NS region . ConÞrmation rates were excellent if the critical threshold (Ct) scores were Ͻ30, and therefore during 2006 and 2007, conÞrmation by the second primer set was done only on samples with screening Ct values Ͼ30 and Ͻ40. Dead bird tissues were screened and conÞrmed only for WNV using a singleplex RT-PCR following the same paradigm as indicated above for mosquito pools. Previous studies indicated that few birds succumb from infection with WEEV or SLEV (Reisen et al. 2003b) and therefore dead birds were not tested for these viruses.
Chicken sera were screened for antibody by WEEV and WNV/SLEV antigens using an EIA (Reisen et al. 1994). Wild bird sera were screened using an indirect sandwich EIA with a polyclonal anti-bird detector antibody Reisen 1998, Ebel et al. 2002) . Presumptive positives were conÞrmed using a plaque reduction neutralization test (PRNT), with positives producing Ͼ80% reduction of 50 Ð90 plaque forming units (PFU) at a Ն1:20 dilution. Viruses were considered identiÞed when the end point titers were at least four times the competing virus. Because of antigenic similarity between WNV and SLEV, deÞnitive determination was not always possible, so wild bird sera were scored as being negative (EIA positive/negative well ratio Ͻ 2), unconÞrmed Flavivirus (P/N Ͼ 2, but PRNT Ͻ 1:20), Flavivirus conÞrmed (P/N Ͼ 2 and PRNT Ն 1:20, but PRNT less than four times competing virus), and WNV or SLEV (P/N Ͼ 2, PRNT titer at least four times the competing virus). Data were analyzed based on EIA positives, because previously we showed that EIA, but not PRNT, antibody persists into the following season (Reisen et al. 2003a (Reisen et al. , 2004a . Therefore, we assumed most of the unconÞrmed EIA positives during spring were old infections from the previous transmission season.
Statistics. Abundance in counts per species per trap per night was transformed to ln(y ϩ 1) to normalize the distribution and control the variance. Comparisons among the three study zones, years, and months were done using a repeated-measures analysis of variance (ANOVA), with means tested by posteriori least signiÞcance difference procedures (Hintze 1998) . Means presented in tables or Þgures were backtransformed or geometric means. Infection incidence per 1,000 mosquitoes tested was calculated as maximum likelihood estimates (MLEs) (Biggerstaff 2003) .
Risk. Five surveillance factors from Kern County were coalesced into a WNV risk score calculated from the California Mosquito-Borne Virus Surveillance and Response Plan risk assessment model (Kramer 2008) as currently loaded into the California Surveillance Gateway program (Park et al. 2008) . Average risk ranged from 1.0 to 2.5 for a normal season with limited enzootic activity, 2.6 to 4.0 for emergency planning with human cases anticipated, and 4.1 to 5.0 for epidemic conditions with human cases expected. Quintile ranges for each of the Þve factors are summarized in Table 1 . Data were as follows. (1) Temperature: mean daily temperature for Kern County was downloaded from the NASA Terrestrial Observation and Prediction System (http://ecocast.arc.nasa.gov/content/view/76/133/) and risk ranked in quintiles from Յ13 to Ͼ26ЊC based on the duration of the extrinsic period of WNV in Cx. tarsalis (Reisen et al. 2006c) . (2) Abundance: mosquito data were separated into Cx. tarsalis and Cx. quinquefasciatus as indicators of rural and urban risk, respectively. Female abundance was ranked from Ͻ50 to Ͼ300% as an anomaly of the average abundance over the Þve previous years. (3) Infection incidence: MLEs of incidence for each species were ranked from 0 to Ն5 per 1,000. (4) Sentinel seroconversions: data were ranked based on the number of seroconversions per ßock and the number of ßocks seroconverting, from zero ßocks with zero seroconversions to multiple ßocks with at least two seroconversions. The risk model uses a spatial parameter of "general area" and "speciÞc region" for which we used Kern County and the city of BakersÞeld, respectively. (5) Dead birds: dead birds reported by the public and testing positive for WNV were ranked from zero in Kern County to at least Þve in the BakersÞeld area using the same spatial criteria listed above. The number of factors averaged each half month depended on data availability because of sampling protocols (see above), so risk was calculated based on temperature alone in midwinter through all Þve factors during the transmission season.
Results
Climate. Climate variation affects mosquito abundance and determines periods conducive to virus transmission. The Mediterranean climate of Kern County was characterized by cool damp winters and hot dry summers (Fig. 2) , with most rain falling on the valley ßoor between November and April. Additional precipitation fell as snow on the western slope of the Sierra Nevadas, melted during the spring and either ran off onto the valley ßoor in unmanaged small streams such as Poso Creek or was stored in Lake Isabella along the Kern River and released according to municipal and agricultural needs. Discharge of the Kern River through BakersÞeld and into Lake Buena Vista to the west was dependent on snow pack and water allotments used for agriculture (Fig. 3) .
Total precipitation per day did not differ signiÞ-cantly among years (F ϭ 1.78; df ϭ 4,1766; P ϭ 0.13); however, there was signiÞcant month by year interaction (F ϭ 5.04; df ϭ 44,1766; P ϭ 0.008), indicating that the pattern of rainfall among months varied among years ( Fig. 2A) . Examination of deviations from the 30-yr normals indicated that the epidemic year of 2007 was exceptionally dry (Fig. 2C) and that the Kern River ßowing through BakersÞeld was completely dry for most of the summer, contrasting the two previous summers (Fig. 3 ). Temperature varied signiÞcantly among years (F ϭ 9.33; df ϭ 4,1766; P Ͻ 0.001), and there was signiÞcant month by year interaction (F ϭ 8.97; df ϭ 44,1766; P Ͻ 0.001), indicating that the pattern of warming and cooling varied among years ( Fig sition. Over the 5-yr period, 752,429 female and 18,035 male mosquitoes comprising 18 species were collected during 6,085 trap nights. Culex tarsalis was most abundant (40% of total), followed by Aedes melanimon Dyar (28%), Cx. quinquefasciatus (21%), and Cx. erythrothorax Dyar (9%) ( Table 2 ). The remaining 16 species comprised Ͻ2% of the total. In the Central Valley of California, the Culex pipiens complex consists of both Cx. pipiens L. and quinquefasciatus Say and their hybrids (Cornel et al. 2003) . Designation of specimens from BakersÞeld as Cx. quinquefasciatus was based on their southern distribution, failure to diapause (Reisen et al. 1986) , and male morphology in previous studies (Urbanelli et al. 1997, Tabachnick and Powell 1983) , with the understanding that there probably was pipiens genetic introgression. Overall, 91% of total mosquitoes were collected by dry iceÐ baited (CO 2 ) traps. Only Cx. quinquefasciatus was collected frequently at gravid female traps, comprising 99% of the total females collected by this method. Because of their abundance and frequent infection with WNV (see below), the remaining analyses focused on Cx. tarsalis and Cx. quinquefasciatus.
Culex tarsalis females were signiÞcantly (F ϭ 27.2; df ϭ 2,99; P Ͻ 0.001) more abundant in rural areas (northwest zone A ϭ geometrc mean 16.2 females per trap-night, n ϭ 1,135 and southeast zone C ϭ 20.1 females per trap-night, n ϭ 499 trap-nights) than in BakersÞeld (zone B ϭ 4.5 females per trap-night, n ϭ 2,618 trap-nights). Variation in abundance among years approached signiÞcance (F ϭ 1.92; df ϭ 4,99; P ϭ 0.06), with abundance during wet years ( Culex quinquefasciatus females exhibited a different abundance pattern, with signiÞcantly (F ϭ 24.9; df ϭ 2,99; P Ͻ 0.001) more collected by CO 2 trap in the southeast zone C (19.8 female per trap-night) than in northwest zone A (2.0 per trap-night) or BakersÞeld zone B (2.7 per trap-night). Although there were no overall signiÞcant differences among years (P Ͼ 0.05), abundance during 2003 (8.8 females per trap-night) was signiÞcantly greater (Fisher LSD, P ϭ 0.05) than the remaining years (range, 3.9 Ð5.0 females per trapnight). Zone C contained several old dairies and a farm using sewage treatment plant efßuent for irrigation that produced large numbers of Cx. quinquefasciatus until the arrival of WNV and a drought year stimulated more judicious water management. Within BakersÞeld, gravid traps (mean ϭ 6.2 females per trap-night) collected signiÞcantly (F ϭ 128.4; df ϭ 1,71; P Ͻ 0.001) more Cx. quinquefasciatus females during the 2004 Ð 2007 period than CO 2 traps (mean ϭ 1.8 females per trap-night), and this difference changed over the course of the season, because the trap type by month interaction term in the repeated-measures ANOVA was signiÞcant (P ϭ 16.7; df ϭ 9,71; P Ͻ 0.001; Fig. 4B ). In general, gravid trap abundance increased rapidly during spring and early summer, whereas CO 2 trap abundance peaked in late summer and fall. Although not directly comparable, Cx. quinquefasciatus gravid trap abundance exceeded Cx. tarsalis CO 2 trap abundance in BakersÞeld (Fig. 4B ), indicating this species was more abundant.
Mosquito Infection. Detection of infected mosquitoes provided direct evidence that WNV had been acquired by the vector population, whereas the incidence of infection provided a measure of the extent, timing, and distribution of ampliÞcation. A total of 256,132 female mosquitoes were tested for WEEV, SLEV, and WNV RNA in 6,526 pools, of which 817 pools were positive for WNV (MLE per 1,000 ϭ 3.51) and 58 for WEEV (MLE per 1,000 ϭ 0.60). None were positive for SLEV. Of the 817 WNV positive pools, 328 were from Cx. tarsalis, 482 were from Cx. quinquefasciatus, 4 were from Ae. melanimon, and 3 were from Cx. erythrothorax (Table 3) . As mentioned in the introduction, WNV was not detected north of the Tehachapi Mountain Range in 2003, and all pools tested during that year were negative (Fig. 5) . Infection incidence in both Culex species exceeded the 5 per 1,000 epidemic threshold (Kramer 2008) in all three zones during all summers, peaking in July and August during wet years (2005, 2006) and in August and September (2004 September ( , 2007 (Wegbreit and Reisen 2000) .
Sentinel Chicken Seroconversions. Sentinel seroconversions provided evidence that virus had been transmitted to birds by vector mosquitoes at speciÞc ßock locations. Nine ßocks of 10 sentinel hens were maintained at the same locations during each year of our study (Fig. 1 ). Hens were bled biweekly starting in May and ending in November or when all the birds had seroconverted (Fig. 6 ). The mean number of seroconversions to WNV per ßock per year averaged 9.9, and all ßocks had multiple seroconversions per year except for the Oildale ßock during 2006. When available, positive birds were replaced as soon as possible with seronegative birds, and therefore, the number of seroconversions per year frequently exceeded 10 (Fig. 6 ). Chickens require 10 Ð14 d after infection to a develop a diagnostic rise in IgG antibody (Reisen et al. 1994) , and in agreement the Þrst seroconversions, each season lagged slightly behind the Þrst detection of virus in mosquito pools ( Davis et al. 2005 ) routinely kills susceptible passeriform birds during acute infection, and therefore, monitoring dead birds provides a measure of recent transmission. During 2004 Ð2007, 823 birds comprising 76 taxa were reported by the public or collected by our Þeld personnel and shipped to the California Animal Health and Food Safety laboratory for necropsy, and kidney and other tissues were sent to CVEC for testing, of which 299 (34%) comprising 31 species tested positive for WNV RNA by singleplex RT-PCR (Table 5) . None of the 13 specimens from 10 species submitted during 2003 were positive. Overall, 74% of the dead birds were collected within the BakersÞeld area, which had the large human population necessary to Þnd and report dead birds. The species diversity of dead birds was high and relatively equitable, with no one species comprising Ͼ15% of the total tested. The most frequently submitted species was the house sparrow (15% of total), followed closely by western scrub-jay (11%) and American crow (11%). With the exception of Þve infrequently submitted species (Ͻ1% of total), western scrub-jays and American crows had the highest percentage WNV RNA positive (Table 5) . Of the 30 species testing positive, 8 were carnivores or scavengers that feed on living or dead birds and may have been infected orally and by mosquito bite. Peridomestic species such as the house Þnch and American robin were 36 and 40% positive, respectively. In contrast, house sparrows were only 11% positive, indicating that WNV was not a frequent cause of death in this species. Of interest, 14% of rock doves (domestic pigeons) and 13% of mourning doves tested positive at necropsy, even though these species are not competent hosts for WNV and do not succumb during experimental infection (Komar et al. 2003 , Reisen et al. 2005a ). These positive birds were either recently infected and viremic or had chronic infections of the kidney when they died of other causes and were submitted for testing.
The number of birds submitted for testing varied among years from 118 in 2006 to 333 in 2007. Variation probably depended on public interest, because mosquito infection rates were relatively similar among years (Fig. 5) (Table 5) . Similar to the incidence of infection in mosquitoes (Fig. 5) , the percentage of dead birds testing positive for WNV increased markedly during the course of each season, peaking in August during 2004 Ð2006 but in June and July during 2007 (Fig. 7) . In BakersÞeld, the Þrst detection of WNV-positive birds usually preceded mosquito and sentinel chicken positives (Table 4) . Live Bird Serology. Seroprevalence among free ranging birds provided an overview of the frequency of infection among bird species available for capture that survived acute infection and provided our only measure of avian "herd immunity." Overall, 15,346 birds were collected by mist netting or grain baited traps and bled, and their sera were tested for antibodies by EIA (Table 6 ). Of these, 1,543 collected during 2004 Ð2007 were positive against our SLEV antigen, of which 924 were conÞrmed and identiÞed by endpoint PRNT 80 to be against WNV; 4 were positive against SLEV. The four conÞrmed SLEV positives were all detected in after hatching year (AHY) birds, including a white-crowned sparrow, a California quail, and a tricolored blackbird collected during 2005 and a mourning dove collected in 2007. Because SLEV has (Reisen et al. 2008c) , we presumed that these few positives were in older birds infected before 2004 or in birds infected elsewhere. Mourning doves especially are known to disperse considerable distances, and birds banded in California have been detected in southern Mexico (McClure et al. 1962) and Florida (our unpublished banding records). These data show that birds possibly were entering California from areas supporting SLEV transmission or had survived the period since SLEV was active in California. The remaining 615 EIA-positive sera had PRNT titers ϭ 1:20 and were too low to identify WNV or SLEV or were negative by PRNT (titers Ͻ 1:20). We based subsequent analyses on the EIA results, because experimentally infected birds lose neutralizing antibody during winter and often test negative during spring. These birds were still protected from reinfection (Reisen et al. 2001) , indicating that PRNT data may underestimate residual herd immunity acquired during previous transmission seasons. In addition to WNV and SLEV, 55 sera from 12 species were positive by EIA for antibodies against WEEV during the summers of 2004 Ð2007. Of these, 36 (65%) were detected in 2004 and 34 were in HY birds, including one juvenile house Þnch just off the nest. White-crowned sparrows (14 positive), mourning doves (13), and California quail (9) were the species most frequently testing positive for WEEV.
During 2004 Ð2007, 12,668 sera from 86 species of birds were tested, of which 1,543 (12.4%) tested positive from 39 species (Table 6) greater ( 2 ϭ 45.6, df ϭ 3, P Ͻ 0.001) than in HY birds (Table 6) The western scrub-jay had the highest overall seroprevalence (39.7% of total sera), followed by mourning dove (30.8%) and California quail (30.7%). Western scrub-jays frequently succumb during experimental infection (Reisen et al. 2005a ) and frequently were positive at necropsy (Table 5) , so the high percentage of living birds that were antibody positive was unexpected, but indicated that most individuals in the BakersÞeld population probably were infected each season and that relatively few would be susceptible to infection until after the next nesting season. Although seroprevalence was lower, a similar scenario was observed for the house Þnch (16.8% positive) that also frequently succumbed to infection and was frequently positive at necropsy in the Dead Bird program. In contrast, mourning doves and California quail do not succumb after experimental infection (Reisen et al. 2005a (Reisen et al. , 2006d , and these species were expected to have high seroprevalence with WNV (Reisen et al. 2008c ) and other arboviruses . Although abundant and widely distributed in Kern County, overall seroprevalence in house sparrows (5.1%) was signiÞcantly lower ( 2 ϭ 65.1, df ϭ 1, P Ͻ 0.001) than in house Þnches (16.8%). In agreement with the notion that more house Þnches were dying of WNV, the age structure of house Þnches contained signiÞcantly more ( 2 ϭ 18, df ϭ 1, P Ͻ 0.001) HY year birds (68%) than did house sparrows (55%), even though, in Kern County, house sparrows have several broods per year.
Seroprevalence and therefore herd immunity generally increased during each season as additional birds became infected (Fig. 8A) . During the initial year of the invasion, seroprevalence remained relatively low (Ͻ15%), but during the second year (2005) increased gradually during the course of the season, eventually exceeding 15% during September. In subsequent years, our measures of seroprevalence frequently were elevated in the spring but declined as HY birds left the nest. Because of their repeated infection and (Table 7) , of which 250 (80%) were reported from the greater BakersÞeld area. Based on the 2003 Kern County census of 801,648, annual incidence ranged from 6.4 to 17.2 per 100,000; for the greater BakersÞeld population of 481,000, incidence was higher, ranging from 8.9 to 23.5 per 100,000. With an average number of 6.5 and 6.25 cases per year in towns located in the northwewst and southeast, incidence averaged 15.9 and 21.0 per 100,000 for the 4-yr period, increasing to a maximum of 22.0 and 47.1 per 100,000 during 2007. Case incidence for Kern County was consistently higher than the State of California. No cases of WEEV or SLEV were reported.
Most cases were reported during the months of JulyÐOctober (Fig. 9) , even though during 2007, enzootic ampliÞcation was detected a month earlier than during the 3 previous yr. Date of reporting provided a less informative statistic to generate a temporal pattern of infection, but these were the only data available from the Kern County Health Department. Delays in reporting date most likely included the variable time from infection to onset of symptoms, severity of disease, health care provider decision to request laboratory conÞrmation, serological testing, and reporting. Collectively, these factors could have caused delays from 2 to 6 wk, suggesting that human infection could have been offset by at least a month earlier than shown in Fig. 9 and concurrent with increases in enzootic ampliÞcation.
Human cases always occurred whenever rural or urban risk assessment scores exceeded our "epidemic condition" threshold of four (Fig. 9) , and the numbers reported per half month were signiÞcantly correlated with both rural (r ϭ 0.50, df ϭ 30, P Ͻ 0.05) and urban (r ϭ 0.46, df ϭ 30, P Ͻ 0.05) risk scores. However, rural and urban risk as deÞned by Cx. tarsalis and Cx. quinquefasciatus abundance and infection were highly correlated (r ϭ 0.97, n ϭ 94, P Ͻ 0.001) and did not successfully delineate the differences between rural and urban transmission. This was unexpected because of differences in abundance and infection incidence described above for rural and urban areas of Kern County. Future risk assessment will be based spatially on human population density from census data. Feiszli et al. 2007 ) that were conÞned to a single year, transmission of WNV to humans in BakersÞeld continued at outbreak levels (9 Ð10 cases per 100,000) from 2004 to 2006 and more than doubled during 2007, a year that the overall California incidence dropped to 1 per 100,000 (http://westnile. ca.gov/). In contrast, enzootic activity remained relatively constant during these 4 yr, with similar mosquito infection incidence and sentinel chicken conversions each summer. Factors potentially enabling recurrent outbreak transmission in BakersÞeld included (1) consistently warm climate, (2) abundant and competent vectors, (3) abundant and competent avian hosts, and (4) several anthropogenic factors.
Warm vernal temperature seemed critical for WNV ampliÞcation, with an early season temperature anomaly leading to increased ampliÞcation and human case incidence during 2007. The minimal developmental temperature for WNV in Cx. tarsalis was estimated experimentally to be 14.3ЊC (Reisen et al. 2006c) , and mean ambient temperatures in BakersÞeld consistently exceeded this thermal minimum for 6 Ð 8 mo each year. Maximum temperatures exceeded this value for multiple days during every month of the year, thereby allowing for a potentially long transmission season and virus ampliÞcation to outbreak levels during each summer. Temperature during the spring of 2007 remained 1Ð2ЊC above normal from March to May, followed by below normal temperatures during the remainder of the year. Above normal vernal temperatures undoubtedly enhanced WNV ampliÞcation by shortening the duration of the gonotrophic cycle (Reisen et al. 1992b ) and the extrinsic incubation period (EIP) (Reisen et al. 2006c) , thereby increasing hostÐvector contact and expediting transmission. Based on the mean ambient temperatures for March, April, and May 2007 (Fig. 2) , the estimated durations of the EIP for WNV would be 52, 31, and 13 d, compared with 0 (below minimumÑno viral replication), 38, and 15 d based on the 30-yr normals. Shortening the EIP would not only increase the rate, but also increase the probability, that an infected female would survive to transmit. Rapid vernal ampliÞcation was indicated by early season increases in WNV infection incidence in Cx. quinquefasciatus and in the percentage of WNV infection in dead birds. was a 413% increase in notices of delinquency on home mortgages and a corresponding 305% increase in service requests to the Kern MVCD for treating neglected swimming pools , Reisen et al. 2008d .
Although WNV ampliÞed enzootically throughout Kern County during all years in both rural and urban transmission cycles, most tangential transmission to humans may have been in peridomestic environs by Cx. quinquefasciatus. Although originally thought to be a less competent vector for WNV (Goddard et al. 2002 , Reisen et al. 2005a , we recently showed that Cx. quinquefasciatus from BakersÞeld were similar in vector competence to Cx. tarsalis and that there was no signiÞcant change in susceptibility during 2007 in comparison to previous years (Reisen et al. 2008a ). Host-seeking Cx. quinquefasciatus abundance measured by CO 2 traps remained low in the northwest and within BakersÞeld, rarely exceeded 10 females per CO 2 trap night, and peaked during late summer. In contrast, abundance measured by gravid female traps in BakersÞeld increased in May and peaked in July each summer. The latter data showed that CO 2 traps were not a suitable measure of Cx. quinquefasciatus abundance especially in urban environments, that disparity in abundance patterns may have been related to a temporal change in blood-meal host selection patterns, and that catch may increase as a curvilinear function of population size (Reisen et al. 1991) . Gravid female traps were considerably more sensitive, perhaps indicating that oviposition sites were limiting and that host-seeking females and therefore the rate of vectorÐ host contact actually may have been greater and earlier in the year than indicated by CO 2 traps. During the epidemic of 2007, the rapid early increase in infection incidence in BakersÞeld in Cx. quinquefasciatus preceded increases in Cx. tarsalis abundance and infection incidence in rural northwest and southeast zones and urban BakersÞeld, perhaps indicating that outbreak ampliÞcation started at periurban habits within BakersÞeld.
Three competent avian hosts (western scrub-jay, house Þnch, and house sparrow) were abundant in peridomestic environments within BakersÞeld, were infected repeatedly in both dead bird and live bird sampling programs, and were considered important in WNV ampliÞcation. Unlike other corvids such as American crows that roost communally after the nesting season, western scrub-jays remain territorial and therefore are distributed evenly within suburban environments (http://bna.birds.cornell.edu/bna/species/ 712/). They were highly competent hosts for WNV, with viremias peaking for several days at Ͼ9 log 10 plaque forming units (PFUs) per milliliter (Reisen et al. 2005a ) and Ͼ80% succumbing from experimental WNV infection. In agreement, this species has shown signiÞcant population declines within the Central Valley of California since the arrival of WNV (Wheeler et al. 2008) . Similarly, house Þnches and house sparrows were widely distributed, competent hosts that succumb during infection (Reisen et al. 2005a, Fang and and frequently were fed on by Cx. tarsalis mosquitoes (Tempelis et al. 1976 ).
In the current study, it was difÞcult to resolve why house Þnches were more frequently infected than house sparrows. Parallel studies in Los Angeles have shown high seroprevalence rates for both species (Wilson et al. 2008) , whereas in Coachella Valley, house Þnch exceeded house sparrow seorprevalence (Reisen et al. 2008c) . House Þnch populations in the Central Valley have declined signiÞcantly since the arrival of WNV and an on-going avian pox epiornitic, allowing a dramatic rebound in house sparrow abundance (Wheeler et al. 2008) . Although not evident from the ratio of HY to AHY birds in our current study, it could be that the low seroprevalence rates reßect this marked population increase. Large house sparrow populations with seemingly low infection rates were considered responsible for most WNV ampliÞcation during the initial outbreak of WNV in New York (Komar et al. 2001) .
Other competent avian species observed in our study areas included mocking bird, American robin, and American crow (Komar et al. 2003 ; however, these species were much less abundant. Severe drought that dramatically reduced the abundance of rural bird species based on our trap success may have contributed to the 2007 epidemic by bringing surviving birds closer to irrigated areas around homes and by reducing the size of noncompetent avian host populations. Both California quail and mourning doves are low competent hosts for WNV (Komar et al. 2003 , Reisen et al. 2005a , 2006d , but frequently were infected, thereby diverting infectious host-seeking vectors from competent host species. From the wet year of 2006 to the drought of 2007, our trapping success for these two species decreased 2022 and 149%, respectively, perhaps leading Culex vectors to feed more frequently on competent avian hosts and perhaps humans.
Anthropogenic factors may have played a signiÞ-cant role in the 2007 outbreak. Although the drought eliminated most surface water larval habitat, the large increase in the number of neglected swimming pools seemed to provide replacement habitat for Cx. quinquefasciatus and may even have allowed the production of Cx. tarsalis in urban settings (Reisen et al. 2008d) . Similarly, we had found Cx. tarsalis exploiting neglected pools in Los Angeles (Reisen et al. 1990 ). Finding and treating neglected swimming pools, Jacuzzis, and ornamental ponds have provided a signiÞcant new challenge and extended the resources of the Kern MVCD. The decline in SLEV and WEEV cases historically also were attributed to changes in human behavior related to the use of air conditioning and TV viewing (Gahlinger et al. 1986 ). The downturn in the California economy stimulating residents to conserve electricity combined with the exceptionally cool summer of 2007 possibly could have stimulated more of the BakersÞeld population to spend time outdoors in summer evenings, thereby increasing their risk of mosquito bites and WNV infection.
Failure of SLEV and WEEV Amplification in Kern County. Historically, SLEV was endemic in Kern County but recently has been detected only intermittently, with the last human cases associated with the 1989 outbreak (Tueller 1990 , Reisen et al. 1992a . SLEV seems to have been displaced by WNV since its invasion into southern California in 2003 (Reisen et al. 2004b) . Although antibody positive birds were found occasionally in Kern County during the current study and in Coachella Valley (Reisen et al. 2008c ), all mosquito pools and sentinel chickens have remained negative for SLEV throughout California since 2004, supporting the notion that no two ßaviviruses in same serogroup can amplify concurrently (Work 1971) . Both SLEV and WNV seem to exploit the same niche, using the same mosquito and avian hosts. Both have similar temperature requirements for development within mosquitoes (Reisen et al. 2006c ), leading to similar seasonality. In addition, Kern County and other California Culex mosquitoes have remained competent for SLEV as well as WNV (Reisen et al. 2008a ). Both viruses are in the Japanese encephalitis virus serogroup and elicit cross protective immunity in vertebrates (Tesh et al. 2002, Fang and ; therefore, elevated herd immunity to WNV may impede the introduction and reestablishment of SLEV. WNV elicits more elevated viremias in birds and therefore may be able to more efÞciently infect Culex mosquitoes and amplify more effectively than SLEV, even though the same Culex species require lower viremias for comparable infection patterns (Reisen et al. 2008a) . Even with high mortality among competent hosts, WNV seroprevalence rates among surviving birds have been markedly greater than observed historically for either WEEV or SLEV .
WEEV previously was endemic in Kern County but recently has declined as an equine and human health problem here and in most of North America (Reisen and Monath 1989) . WEEV replicates more rapidly and at cooler temperatures within infected mosquitoes than does SLEV or WNV (Reisen et al. 2006c) , which should provide WEEV a competitive advantage because it can be transmitted effectively over a longer part of the year than WNV. Although WEEV uses the same Cx. tarsalis and avian ampliÞcation hosts as does SLEV and WNV, WEEV is in the family Togaviridae, and previous exposure to WNV does not affect the viremia response of birds to WEEV infection (Reisen et al. 2008b ). In agreement, WEEV has been detected intermittently in California since the arrival of WNV but has not ampliÞed to levels within the CulexÐ bird cycle where transmission has spilled over to include Aedes and mammals (Hardy 1987) . In addition, although Cx. quinquefasciatus occasionally have been found infected with WEEV in nature, this species cannot transmit WEEV (Hardy and Reeves 1990) , and therefore, WEEV activity has been mostly conÞned to rural environments. WEEV does not seem to have become attenuated. A recent isolate from Cx. tarsalis collected in Imperial County during 2005 was found to be as equally infectious for Cx. tarsalis as the 1952 epidemic strain and produced a similar viremia response in white-crowned sparrows (Reisen et al. 2008b ). Interestingly, the 2005 strain seemed less infectious for house sparrows, perhaps indicating lowered host competence in some birds. In contrast, a 1983 WEEV isolate from Kern County produced elevated viremias in a variety of bird species (Reisen et al. 2003b ) and was more infectious than WNV for immature quail (Reisen et al. 2006d) . Factors limiting the ampliÞca-tion of WEEV to outbreak levels remain under continued study.
Comparison of Kern County and Coachella Valley. Despite ecological similarities, the incidence of human infection in Coachella Valley has remained low (Ͻ2.5 per 100,000) compared with Kern County (7Ð17 per 100,000). These areas provide an excellent model to study arbovirus ecology, because both have the same Culex vectors, roughly the same size human population, and support extensive irrigated agriculture including grapes and citrus. However, Coachella Valley averages 3Ð 4ЊC warmer each month than Kern County, has signiÞcantly less precipitation during winter, and lacks a major river system. With warm winter temperatures, wetlands near the Salton Sea frequently have the earliest recorded arbovirus activity in California each year but rarely have human cases (Reisen et al. 2008c) , despite low background antibody levels (Reisen et al. 1996) . Factors that may have contributed to differences in human case incidence include (1) bimodal Cx. tarsalis seasonality, (2) spatial stratiÞcation of Culex vectors, (3) lack of "super spreader" bird species, (4) socioeconomic status of residents of the "hot zone," and (5) human emigration and behavior during summer.
Elevated midsummer temperatures and the desiccation of larval habitats combine to create a bimodal seasonal abundance pattern for Cx. tarsalis in Coachella Valley (Reisen et al. 2008c) , whereas in Kern County, abundance peaks in mid to late summer. A bimodal pattern results in a decrease in abundance after vernal ampliÞcation and during the hottest months most conducive to virus ampliÞcation and tangential transmission to humans. This scenario is compounded by the spatial segregation of the vector species, with Cx. tarsalis in the rural southeast and Cx. quinquefasciatus in the urban northwest, which may impede the dispersal of virus upland to more populated areas. In agreement, effective early season adult control in the southeast was found to interrupt transmission and impede dispersal of virus into the upper valley (Lothrop et al. 2008) . By comparison, BakersÞeld and smaller cities in Kern County are surrounded by agriculture allowing the ampliÞcation of virus to progress rapidly at rural/urban ecotones.
A major epidemiological difference between Kern and Coachella Valley was the widespread distribution and high abundance of the western scrub-jay in suburban Kern County but not Coachella Valley. Although present, the abundance and distribution of American crows in Kern County were fairly low and limited to the north near the town of Delano; American crows were almost absent from Coachella Valley. Although the Coachella Valley supports a highly diverse avifauna, large corvid and American robin populations are lacking, perhaps limiting infection in moderately susceptible mosquito populations (Reisen et al. 2006a) . Our attempts to identify other communally nesting or roosting birds as a major source of virus ampliÞcation have not been successful (Reisen et al. 2005b (Reisen et al. , 2006d Two other factors may impact arbovirus epidemiology in Coachella Valley. In both areas, Hispanic agricultural workers frequently work at night to harvest time-sensitive crops and/or to avoid the heat of the day. Although both groups experience the same socioeconomic and health insurance hardships, workers in Coachella Valley live in the southeast and relatively near to Mexico. This results in an ethnic spatial segregation of the uninsured who are less prone to seek medical attention and of attending physicians who are less prone to recommend testing for pathogens such as WNV for which there are no cure. In addition, highly ill individuals can be transported rapidly to Mexico where care is available at lower cost. In combination, these socioeconomic factors lower the sensitivity of the passive case detection system and the perceived burden of disease within these communities. In support of this idea, most of the human cases reported from the Coachella Valley come from the upper valley where the age structure of the population is skewed toward the older age groups and the portion of the population with health insurance is relatively high. In addition, a large portion of the Palm Springs and upper valley community historically leaves the Coachella Valley during the hot summer months, thereby lowering the population base at risk from infection. Those that remain frequently remain indoors in air conditioning during the afternoon and evening when temperatures frequently exceed 40ЊC.
In summary, WNV is now endemic throughout the varied ecosystems of California and will remain an important public, veterinary, and wildlife health problem for the foreseeable future. Successful intervention and protection of the public health will depend on enhanced understanding of factors enabling virus persistence during winter and ampliÞcation during the late winter and early spring periods. Our on-going research examines the interplay among overwintering mechanisms, winter and vernal climate variation, passerine herd immunity, and avian species depopulation to develop models predictive of outbreaks. The current risk model ranking temperature, mosquito abundance and infection, and sentinel and dead bird data into quintiles and averaging these rankings per half month provided some emergency planning lead time and always increased to epidemic conditions coincidental with the onset of human cases. Risk ranked within this model is linked to an incremental response plan recommending escalating intervention methods. Future plans for this model include early winter forecasts of vernal and summer mosquito population abun-dance based on climate variation and modifying the current nowcasts to combine Cx. tarsalis and Cx. pipiens complex data and to segregate rural and urban risk spatially based on human population density.
